Background-The majority of out-of-hospital cardiac arrests (OHCAs) occur in residential locations, but knowledge about strategic placement of automated external defibrillators in residential areas is lacking. We examined whether residential OHCA areas suitable for placement of automated external defibrillators could be identified on the basis of demographic characteristics and characterized individuals with OHCA in residential locations. Methods and Results-We studied 4828 OHCAs in Copenhagen between 1994 and 2005. The incidence and characteristics of OHCA were examined in every 100ϫ100-m (109.4ϫ109.4-yd) residential area according to its underlying demographic characteristics. By combining Ն2 demographic characteristics, it was possible to identify 100ϫ100-m (109.4ϫ109.4-yd) areas with at least 1 arrest every 5.6 years (characterized by Ͼ300 persons per area and lowest income) to 1 arrest every 4.3 years (characterized by Ͼ300 persons per area, lowest income, low education, and highest age). These areas covered 9.0% and 0.8% of all residential OHCAs, respectively. Individuals with OHCA in residential locations differed from public ones in that the patients were older (70.6 versus 60.6 years; PϽ0.0001), the ambulance response interval was longer (6.0 versus 5.0 minutes; PϽ0.0001), arrests occurred more often at night (21.2% versus 11.2%; PϽ0.0001), the patients had ventricular fibrillation less often (12.8% versus 38.1%; PϽ0.0001), and the patients had a worse 30-day survival rate (3.2% versus 13.9%; PϽ0.0001). Conclusions-On the basis of simple demographic characteristics of a city center, we could identify residential areas suitable for automated external defibrillator placement. Individuals with OHCA in residential locations were more likely to have characteristics associated with poor outcome compared with public arrests. (Circulation. 2010;122:623-630.)
A utomated external defibrillators (AEDs) placed in highdensity public areas can save lives, [1] [2] [3] [4] but 65% to 80% of out-of-hospital cardiac arrests (OHCAs) take place in residential areas and remain not covered by publicly placed AEDs. 5, 6 A few attempts have been made to place AEDs in residential areas, but the results have been disappointing. 3, 7, 8 In addition, successful resuscitation is reported in only 2% of residential OHCAs. 6, 9 Public-access defibrillation (PAD) could be of value in residential areas if AEDs are strategically placed where many arrests occur. However, knowledge is lacking about strategic placement of AEDs in residential areas and the potential impact on overall survival. Therefore, we studied a large series of OHCAs in the city of Copenhagen to examine whether high-risk areas of OHCA suitable for AED placement could be identified on the basis of the demographic characteristics of the area. Second, because the effect of PAD in residential areas is unknown, we compared individual patient characteristics according to location of cardiac arrest (residential versus public location) to find any important differences that could affect the likelihood of survival.
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Methods
Study Setting
Central Copenhagen covers 97 km 2 (37.4 sq miles) and has a population of Ϸ600 000 people. In Copenhagen, the emergency medical system is 2 tiered. Ambulances with paramedics are dispatched from 7 different locations 24 hours a day and 7 days a week. In all cases of suspected OHCA, a physician-staffed mobile emergency care unit (MECU) is also dispatched, and OHCA data are registered. Two MECUs are available during daytime and on weekends; the rest of the time, 1 MECU is available. The MECUs are based at the main fire station located in the city center.
Study Population
The MECUs recorded 5420 OHCAs between January 1994 and December 2005. Because of incomplete electronic registration in 1999, no arrests from that year are included. We excluded 544 patients with OHCAs resulting from suicide, poisoning, drowning, trauma, or exsanguination or because the patient was judged terminally ill by the on-location emergency physician. Another 48 patients were excluded because the location of OHCA was unknown or because the arrest occurred outside the defined study area. The Utstein definitions 10 for patient data collection were followed. OHCAs were categorized as cardiac arrests occurring in public locations, defined as all areas accessible to the general public, all outdoor locations, public transportation sites, schools, outpatient clinics, and commercial and civic establishments, or as residential locations, defined as single-or multiple-family dwellings, senior housing, or nursing homes.
Individual patient characteristics were obtained from the MECUs and the National Patient Register, which contains information for hospitalizations since 1978. 11 Comorbidity was defined as previous hospital admissions up to 10 years before date of cardiac arrest, a method used previously. 12 Each admission is registered by 1 primary diagnosis and, if appropriate, Ն1 secondary diagnoses according to the International Classification of Diseases (10th revision). Information about patients' survival status (dead or alive) at least 30 days after the cardiac arrest was obtained from the Central Population Register.
Study Methods
We defined high-risk OHCA areas as those where at least 1 cardiac arrest occurred every 5 years within a 100ϫ100-m (109.4ϫ109.4-yd) area. The incidence rate chosen is in accordance with guidelines from the American Heart Association, 13 and the size of these areas was regarded the maximum distance in which an AED placed in a residential area could be transported within 1 1 ⁄2 minutes by alerted personnel walking at a brisk pace. 13 The European Grid System, a defined and harmonized grid net for Europe with standardized location and size of grid cells, 14 was used to count all cardiac arrests in every 100ϫ100-m (109.4ϫ109.4-yd) grid cell included in the study area.
Demographic Characteristics of the Cardiac Arrest Areas
To analyze OHCA occurrence in residential locations according to the demographic characteristics of the grid cells, information about age, level of education, population density, and household income (comprising all incomes subject to taxation) in every grid cell was obtained through Statistics Denmark. Information about education level was retrieved from the Integrated Student Register of Statistics Denmark. Lower education level was defined as education Ͻ10 years (corresponding to primary and lower secondary school), a definition used previously. 15 In addition, the predominant type of residence for every inhabited grid cell was identified and categorized into 1 of 4 groups: residential neighborhoods (single-dwelling residences), terrace housings (including multiple-dwelling residences), apartment blocks, residence halls. The exact location of every OHCA was geographically coded with a geographic information system 16 and marked on a digital city map. The number of arrests for every grid cell was summarized and then analyzed in accordance with the demographic characteristics of the given grid cell.
Cost-Effectiveness Calculations
The yearly cost of an AED, including maintenance costs, cost of hospitalization, and valuations of the quality of life of cardiac arrest survivors, was identical to that we have described in detail previously. 12 All costs were adjusted to US dollars 2009 (denoted as $) through the use of an inflation rate of 3%/y. We assumed that for each AED deployed, 4 individuals expected to be in the proximity of the AED location would each require 2 hours of cardiopulmonary resuscitation (CPR) and AED training per year with an aggregate training cost of $330, in agreement with the figure used in a previous cost-effectiveness analysis by Cram et al. 17 In Copenhagen, the rate of ventricular fibrillation (VF) was 12.8% among residential OHCAs, with a median MECU response time of 6 minutes ( Table 1 ). Assuming that AED deployment in residential areas would shorten AED response intervals by at least 1 minute, we estimated that the rate of VF would increase Ϸ10%, in accordance with findings of Herlitz et al 9, 18 and the figure used in other cost-effectiveness pVT indicates pulseless ventricular tachycardia; COPD, chronic obstructive pulmonary disease.
*Other/unknown rhythm includes pace rhythms, bradyarrhythmia, and unknown rhythm.
†Defined as previous hospital admissions up to 10 years before date of cardiac arrest. ‡Excluding prior myocardial infarction.
studies. 19 The life expectancy of cardiac arrest survivors Ͼ60 years of age has been reported to be Ϸ4 years in Copenhagen. 20 To estimate the cost per quality-adjusted life-year (QALY), we divided the total cost by the total estimated life-years gained adjusted for valuations of the quality of life. Because the survival effect with residential PAD is unknown, the calculations were based on arbitrarily chosen survival rates among patients found in VF of 15%, 25%, and 35%. This method is in accordance with that used in other cost-effectiveness studies. 17, 19 
Statistical Analysis
We used multivariable logistic regression to examine the likelihood of the patient having VF adjusted for sex, age, response time, comorbidity, time of day of OHCA, and location of OHCA (public location was used as the reference). Model assumptions (linearity of continuous variables and lack of interactions) were tested and found to be valid unless otherwise indicated. To estimate the rate ratio of OHCA for grid cells according to the underlying demographic characteristic, we used a modified Poisson model with a robust error variance. 21 The cumulative number of OHCA in the grid cells served as the dependent variable, and the demographic characteristics of the grid cell were the independent variables. The estimated rate ratio for the demographic characteristic was calculated by taking the exponential of the regression coefficient in the Poisson regression because of the constant follow-up time for all grid cells (11 years). Multivariable Poisson regression models adjusted for the presence of all demographic characteristics were performed. All statistical calculations were performed with the SAS statistical software package, version 9.1.4 (SAS Institute Inc, Cary, NC).
Ethics
Compliance with Danish law on data security was maintained, and the study was approved by the Danish Data Protection Agency (No.
-41-2685).
No ethical approval is required for retrospective register studies in Denmark.
Results
During the study period, 4828 OHCAs were included; 3554 (74%) occurred in residential locations and 1274 (26%) in public locations. Baseline characteristics of individuals experiencing OHCA in residential and public locations are compared in Table 1 . After adjustment for age, sex, response time, comorbidities, and time of day of OHCA in the multivariate logistic regression analysis, the likelihood of the patient having a shockable heart rhythm (VF/pulseless ventricular tachycardia) when the MECU arrived was markedly lower for arrests in residential compared with public locations (odds ratio [OR], 0.32; 95% confidence interval [CI], 0.27 to 0.38). However, there was a significant interaction between age and OHCA location (PϽ0.005). In residential OHCAs, the odds for shockable heart rhythm was lowest among patients Ͼ70 years of age (OR, 0.69; 95% CI, 0.49 to 0.97), whereas there was no significant difference for patients 50 to 70 years of age (OR, 1.36; 95% CI, 0.96 to 1.92) (reference age group, Ͻ50 years of age). For public OHCAs, however, patients 50 to 70 years of age had the highest odds of a shockable heart rhythm (OR, 2.02; 95% CI, 1.47 to 2.79) but no significant difference for patients Ͼ70 years of age (OR, 1.21; 95% CI, 0.84 to 1.72). There were few dissimilarities relative to cardiac comorbidity, whereas chronic diseases like diabetes mellitus, chronic obstructive pulmonary disease, stroke, and cancer were significantly more pronounced among patients experiencing OHCAs in residential locations compared with public ones, despite adjustment for age and sex (data not shown). Figure 1 illustrates the unadjusted incidence rate of OHCA in residential locations by population density, income, age, and proportion of the population with lower education levels. Figure 1A shows a nearly linear association between population density and the number of OHCA per grid cell up to a density of 400 persons per grid cell (40 000 persons/km 2 or 103 600 persons/sq mile), after which the number of OHCAs decreases despite increasing population density. In the multivariate-adjusted Poisson analyses of OHCA occurrence according to the demographic characteristics of the area (Table 2) , population density had the strongest association with OHCA occurrence. Interactions from the 4 explanatory variables entered into the Poisson model were tested separately. We found that household income was modified by low education level (PϽ0.001). Overall, the OHCA occurrence increased with decreasing household income; however, this association was more pronounced among the lowest educational levels. Figure 2 shows the distribution of residential OHCA by type of residence. The rate of OHCA was not solely associated with increasing population density illustrated by a low cardiac arrest rate in areas dominated by residence halls (0.35 cardiac arrest per grid cell) despite their high population density (169 persons per grid cell, corresponding to 16 900 persons/km 2 or 43 770 persons/sq mile). This is also reflected by the incidence of cardiac arrest by type of residence (Table 3) . Table 4 shows implications of different AED deployment strategies for OHCAs in residential areas, including estimated costs of adding PAD programs to the established emergency medical system. The average OHCA rate in residential areas was 1 arrest every 16.8 years. No single demographic characteristic yielded an arrest rate as frequent as that recommended by the American Heart Association for AED placement (Ն1 arrest every 5 years); however, when Ն2 characteristics were combined, it was possible to identify areas with 1 arrest every 4.3 to 5.6 years. The corresponding costs per QALY differed from $50 300 to $96 100 according to type of AED strategy and percentage of estimated survival among patients in VF.
Discussion
According to the recommendations from the American Heart Association, 13 AEDs should be placed where there is a high likelihood of sudden cardiac arrest (Ն1 arrest every 5 years). Using simple demographic characteristics of a city center, we were able to identify residential high-risk areas of OHCAs potentially suitable for AED deployment. Importantly, no single demographic characteristic (population density, average age, average income, or proportion of those with low education) could identify areas with a sufficiently high arrest incidence to merit AED deployment (Table 4) . However, when we focused on areas characterized by a high population density combined with the lowest income quartile, we found an average OHCA incidence of 1 arrest every 5.6 years. These areas constituted 3.0% of all residential areas and covered 9.0% (nϭ319) of all OHCA in residential locations. Assuming that placement of 1 AED in every grid cell is sufficient, this strategy would require deployment of 163 AEDs. The arrest incidence reached 1 arrest every 4.9 years when the areas were additionally characterized by belonging to the highest quartile of low education. These areas covered 182 OHCAs, 5.1% of all residential OHCAs, and required placement of 81 AEDs. When the highest age quartile was also included, the arrest incidence reached 1 arrest every 4.3 years but covered only 28 OHCAs.
The concept of strategic PAD deployment in residential areas has been addressed previously, 22 but few studies have focused primarily on OHCA in residential locations. In the Home Automated External Defibrillator Trial (HAT), 7001 patients with previous anterior wall myocardial infarctions who were not candidates for an implantable cardioverterdefibrillator were randomly assigned to receive either standard care or standard care plus a home AED. 7 Disappointingly, access to a home AED did not significantly improve overall survival, which was partly explained by the very low event rate of sudden cardiac arrest. Whereas the home AED strategy provides the opportunity to treat only those in the immediate household, placing AEDs outside people's homes provides the opportunity to use an AED in treating any one of many persons at risk. Because the rate of cardiac arrest was Ͻ1%/y in HAT (corresponding to each AED having a possibility to be used in 1 arrest every 100 years), the chance of AED use would not exceed 1%/y despite the fact that an AED was used in every event. The chance of AED use could be as high as 20%/y if AEDs were placed in selected residential areas characterized by having at least 1 arrest every 4.3 to 5.6 years (Table 4 ). In a recent study of nationwide PAD in Japan, 23 a significantly shorter time from collapse to first defibrillation or CPR was observed for PAD compared with the emergency medical system. In addition, that study documented that if the number of PADs increased from 1 to Ͼ4/km 2 , the rate of survival with minimal neurological impairment increased Ϸ4 times. These data support the AHA recommendations of AED availability within a 1 1 ⁄2-minute walking distance, 13 the same concept used in our study with AED deployment in every 100ϫ100-m residential area.
Although several studies have found that AED deployment is cost-effective when placed in selected public locations, 12, 17, 24, 25 little is known about how to identify residential areas with the highest risk of OHCA, let alone the possible costs of PAD implementation in residential areas. The esti- mated costs for a future interventional trial presented in Table  4 clearly indicate that despite a focused strategy of AED placement in highly selected residential areas, the cost per QALY of such PAD implementation is likely to exceed the corresponding costs for PAD in selected public locations. Placing AEDs in areas with Ͼ300 persons per grid cell (Ϸ30 000 persons/km 2 ) in combination with the lowest income quartile yielded cost per QALY ranging from $55 000 to $96 000 according to estimated VF survival. These areas constituted 9.0% (nϭ319) of all residential OHCAs. In addition, Table 4 demonstrates that the estimated cost per QALY would be excessive if AED deployment were done at random. Likewise, although areas dominated by residence halls had the highest population density (Figure 2) , the cost per QALY would greatly exceed $100 000 for PAD in such areas. It is important to note, however, that the presented costs are rough estimates of the expenses combined with an interventional trial to test residential PAD. In addition, the costs should be used cautiously because they are sensitive to changes in several parameters, including the rate of VF, the life expectancy of OHCA survivors, and the failure to use an available AED on a nearby OHCA individual. Furthermore, there is ongoing debate about how much society should be willing to pay for a health intervention, but an amount of $50 000 to $100 000 per QALY gained is often cited in the literature as the cost-effectiveness threshold. 25, 26 Although PADs in residential areas could reduce time to defibrillation and thereby increase the chance of survival, differences in patient characteristics might influence the success compared with OHCAs in public locations. In our study, individuals who experienced OHCAs in residential locations were more likely to have characteristics that predicted a poor outcome, including older age, 9,27 male sex, 28 arrests that occurred at night, a longer MECU response time, 9 and less likelihood of a shockable heart rhythm compared with OHCAs in public locations. 9, 27 The important differences according to location of arrest suggest that residential locations are more likely to have an adverse outcome, which is consistent with our observed OHCA survival rates of 13.9% and 3.2% for public and residential locations, respectively. A study by Herlitz et al 9 suggested possible differences in comorbidity to be responsible for the adverse outcome among residential OHCAs. Notably, we found that comorbidity among OHCA patients in residential versus public locations was consistent with cardiac diseases, whereas patients who experienced arrests in residential locations had concomitant chronic diseases more frequently (Table 1) . Even when these differences were taken into account in the multivariate analysis, we found that the chance of having a shockable heart rhythm in residential locations was one third that of public ones. This finding could also be due to a longer interval from collapse to call for an ambulance in residential areas. Such data were not available in our study; however, a previous survey has estimated this interval to be at least 1 minute longer for residential compared with public locations. 9 In the multivariate regression analysis, grid cells featuring a high level of crowding had the strongest association with OHCA occurrence (Table 2 ), but average age and income and the percentage with lower education levels were also associated with OHCA occurrence. Nevertheless, placing AEDs exclusively in areas with high population density reached an arrest incidence of only 1 arrest every 6.8 years. This could be explained by the fact that the majority of residence halls, inhabited by young people who are unlikely to experience OHCA (Figure 2 and Table 3 ), belonged to these crowded Grid cells are defined as 100ϫ100-m (109.4ϫ109.4-yd) areas. All rate ratios are adjusted for average age, household income, proportion of low education, and population density of the grid cells.
*Reference groups.
areas. In contrast with our findings, an American study found that regional median income was the predominant factor associated with cardiac arrest rate. 29 This was partly explained by lower-income areas having reduced access to health care. Such a disparity was minimized in our study because the healthcare system in Denmark covers all medical services provided by hospitals and physicians with no user fees or copayment. Nevertheless, our results showing increased OHCA rates in disadvantaged neighborhoods seem plausible because previous studies have reported that the socioeconomic environment of neighborhoods and healthrelated behaviors such as smoking, obesity, and physical activity are associated with lower income levels 30 ; likewise, an increased incidence of coronary heart disease is also observed. 31 If PAD is to succeed in residential areas, several obstacles in addition to strategic AED deployment need to be resolved. It is unrealistic to assume that an AED is immediately present on every street corner or in every staircase. Furthermore, strategic placement of AEDs alone is insufficient for successful PAD but should be part of a more comprehensive emergency care plan, 13 which includes training potential rescuers in CPR and AED use. Bystander CPR can triple survival rates, 32 and familiarity with AED use, along with an increased AED dissemination, might promote both a willingness to use an AED and a positive attitude toward CPR. 33 In addition, establishing a local AED registry with information on location and availability of AEDs in the community would allow the emergency dispatcher to direct a rescuer to the nearest AED. In selected areas suitable for AED deployment, AEDs could be placed strategically in the middle of several blocks or streets or near high-rise apartments. Potential rescuers in these areas could include security personnel or designated "cardiac arrest caretakers" trained in CPR and defibrillation 22 but also with the possibility of AED access by untrained laypersons. Whenever a cardiac arrest call comes into the emergency dispatch center, it could immediately lead to dispatch of both the MECU and the trained laypersons at the given location. Such a setup could potentially reduce the failure to use an AED on a nearby individual with OHCA, which occurred in 65% of all cases in the Public Access Defibrillation trial. 3 This study has several limitations. First, because this was not a prospective, randomized study, we cannot determine whether strategic placement of AEDs in residential areas along with a detailed emergency plan would actually increase the survival of OHCA. This remains to be evaluated as part of a randomized, interventional trial of residential PADs. Such a trial would also allow an accurate assessment of the costeffectiveness associated with residential PAD. Second, the geographic unit used in this study does not account for complex and varied local logistics that would accompany actual AED placement within a community. Therefore, our use of grid cells might not be representative of demographic characteristics compared with other communities with different demographics and infrastructure. Third, owing to incomplete data on the rate of witnessed arrest and bystander CPR, we could not examine how these factors affected the observed rate of VF and 30-day survival in residential and public OHCA locations.
Conclusions
Using simple demographic characteristics of a city center, we were able to identify residential high-risk areas of OHCA suitable for AED placement. Such areas comprised Ͻ3% of all residential quarters but included up to 9% of all residential OHCA. However, individuals with OHCA in residential locations were more likely to have characteristics associated with a poor outcome, a finding emphasizing the necessity for strategic placement of AEDs if future PAD programs in residential areas are to succeed without excessive costs.
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